Total weed control with machete and herbicides was compared in a field experiment from 1994 to 1999, with four selective ground cover management tactics (± herbicides and ± planted ground cover legume) in the inter-rows of coffee plants. The aim of the selective management was to control weeds in patches, leaving uncontrolled species considered suitable to protect the soil from erosion and compaction, and to suppress more aggressive weed growth. Fresh biomass was sampled early and late in the rainy seasons. Weed data from the different years, treatments and blocks were analysed with a multivariate technique, partial redundancy analysis (pRDA), using different combinations of independent variables and covariables and resulting in a multivariate ANOVA. Weed biomass and number of species drastically decreased over time as coffee and shade trees aged. The five treatments also significantly affected the composition of the weed vegetation. The combination of partial slashing and application of herbicides in patches was more effective in reducing unwanted weed biomass and also enhanced the spread of the ground cover legume, whereas the use of only partial slashing enhanced the spread of the ÔweedÕ Oplismenus burmannii. This species was considered a suitable ground cover species to protect the soil, as it emerges at the onset of the rainy season, is more persistent late in the rainy season and sustains growth under the shade of coffee in production.
Introduction
Weeds can severely affect the growth of young plantation trees (Britt et al., 1990; Patterson & Goff, 1994; Sage, 1999) . For example, high densities of weeds in coffee can cause detectable set backs in tree growth, e.g. reduction in stem diameter and primary branch growth (Friessleben et al., 1991) or reduction in plant height and number of primary branches (Aguilar, 2001) . Therefore, substantial effort goes into controlling weeds in Nicaraguan shaded coffee (Coffee arabica L.). Nevertheless, as the plantation ages, weeds are likely to have a much smaller effect on a tree crop and it is not obvious that the presence of grass and herb vegetation in a crop like coffee will always be detrimental. Hence, even if the coffee were hampered by weeds in the first couple of years, the plants would have the capacity to recover later (Maestri & Barros, 1977; Aguilar, 2001) . We therefore question the uncritical, broad-scale application of herbicides and slashing, because benign vegetation in coffee could suppress more aggressive weed species and protect the soil, an important aspect of sustainability of production systems in the tropics. As the need for weed control is likely to drop as the trees grow and shade the ground, an optimal strategy might be to control problematic weeds while assisting benign ÔweedsÕ in the first couple of years after plantation establishment and then relax control in subsequent years. It is also possible that planting of ground cover species will accelerate the smothering of detrimental weeds. This approach to vegetation management was the background to our comparison of five different weed control tactics in shaded coffee in Nicaragua from 1994 to 1999.
In this paper, we analyse the effect of selective weed and ground cover management on weed vegetation dynamics as coffee and shade trees developed after establishment. Data were subjected to a multivariate analysis of variance based on the partitioning of the variation in weed species composition among ÔyearsÕ, ÔtreatmentsÕ, their interaction terms and ÔblocksÕ. Significance for each factor was assessed by permutation tests according to the experimental design (blocks and repeated measurements). With these analyses, we could evaluate temporal trends in weeds as well as the selectivity of the treatments. We also analysed the within-season changes in vegetation composition that occurred during the rainy season (May-November), ranking the species according to whether they occurred early or late in the season (July and October).
Materials and methods

Coffee crop management
Coffee trees of the cultivar ÔpacasÕ were planted in July 1992 at the Coffee Experimental Station in Masatepe, Nicaragua (latitude 12°N, altitude 455 m). A distance of 2 m between coffee rows and 1.25 m between coffee trees in rows was used, resulting in a density of 4000 coffee plants per hectare. Mean annual temperature for 1994 to 1999 was 24°C and the total annual precipitation in these years was 1005, 1315, 2012, 1198, 1980 and 1422 mm, respectively, with a 6 to 7-month rainy season. The experimental field had a gently sloping topography with a well drained loam soil derived from volcanic ash. The soil had pH 5.5 and was high in potassium and low in phosphorus.
Before experiment establishment , the selected field was used to compare temporary shade species. In 1991, the field lay fallow and an abundant and species-rich weed flora developed.
Species that provided shade to coffee were also planted in July 1992: Cajanus cajan (L.) Hulth and Ricinus communis L. provided temporary shade during the first 2 years of coffee growth, whereas Amphipterygium adstringens (Schldl.) Standley, Gliricidia sepium (Jacq.) Kunth ex Walp., Inga paterno Harms, and Simaruba glauca L. f., provided 50-60% shade (vertical projection) during the last 6 years. All agronomic operations were uniformly applied across plots including the planting of shade trees. A complete formula fertilizer 12-30-10 (N-P-K) was applied twice per year in June and September. Once coffee began to produce, urea was applied annually in November. Total fertilizer applied per year was 560 kg ha )1 .
Ground cover management treatments
Five ground cover management systems were compared in a randomized block design with three replicates:
• A: Total weed control with machete and herbicides;
• B: Selective weeding with machete and herbicides;
• C: Selective weeding with machete and herbicides and planting cuttings of the ground cover legume Arachis pintoi Krap. & Greg. in the inter-rows of the coffee plants, with an even distance between plants of 50 cm; • D: Selective weeding with machete;
• E: Selective weeding with machete and planting of Arachis pintoi (as described above).
Plots consisted of seven 25-m-long coffee rows, corresponding to 140 coffee plants in an area of 350 m 2 . Regardless of the weed management being tested, coffee rows were maintained free of weeds by the use of machete (50 cm on each side on the rows). The actual area under study (the between-rows 1-m-wide strips) corresponded to 200 m 2 . The few weed species growing during the dry season were uniformly slashed in all plots in March each year.
Selective weeding was applied in patches with the aim to reduce biomass and prevent seed production of unwanted species and to promote some naturally occurring species for soil conservation (hereafter referred to as Ôground cover speciesÕ), especially Commelina diffusa Burm. f. and the two grasses Oplismenus burmannii (Retz.) P. Beauv. and Panicum trichoides Sw. In treatment A, weeds were completely slashed in July and October each year. At 1 or 2 weeks after each slashing, when weeds had begun to re-grow, a mix of paraquat (Gramoxone 18.4%), simazine (Gesatop 80%), and 2,4-D (2,4-D amine salt 49.6%) was applied. In selective treatments (B and C), either paraquat, glyphosate (Round-up 30.4%), 2,4-D or fluazifop-butyl (Fusilade 12.2%) were applied in patches depending on dominant type of weed when weeds were 15-20 cm. All herbicides were applied with a backpack sprayer, with a high volume hollow cone nozzle (TJ-8001). The concentration used was the label rate in 200 L of water. In selective treatments (D and E) slashing height and frequency was varied according to weed type. Slashing was also used to minimize weed flowering in treatments B-E (flowering by ground cover species was not controlled). Scientists and field staff walked each plot bi-weekly, observing weed height, leaf area, and distribution pattern for each species to answer two questions: (i) were the weeds present detrimental to coffee plants and (ii) what control measures could be used to reduce damaging weeds and promote ground cover weeds? The number of slashings and herbicide applications per year and treatment, and the total time spent in minutes per m 2 , are shown in Table 1 .
The treatments started during the late part of the 1992 rainy season, whereas weed and ground cover biomass was sampled from 1994 to 1999. Weed and ground cover biomass were estimated just before slashing early (1995, 1997 and 1998) 
Data analysis
Multivariate techniques were initially used to describe complex datasets and to detect structures in data. With the advent of direct gradient analysis techniques (also called constrained ordination) it was possible, for example, to directly relate species composition to environmental variables (e.g. Hallgren et al., 1999; Tamado & Milberg, 2000) . By coupling these techniques with permutation tests, it has also become possible to analyse data from designed experiments. So far, however, this has only been done in a few cases (e.g. Leps, 1999; van Dobben et al., 1999) , although the methods are particularly suited to evaluate temporal trends and selectivity in treatments when several, non-independent species are the response variables. In the present study, this analysis approach meant partitioning the explainable variation in species composition between the factors (years, treatments, blocks), including interaction effects (years*treatments). This was achieved in several partial redundancy analyses (pRDA), using different combinations of independent variables and covariables. The statistical significance of the factors were evaluated by permutation tests that took the experimental design into account (repeated measurements and blocks).
The analyses were conducted with the CANOCO 4 software (ter Braak & Smilauer, 1998), using default options, apart from square root transformation of weed data and 1999 permutations in the Monte Carlo tests. When evaluating factor effects, we used only data from the samples taken at the end of the rainy season. As the abundance of the ground cover species and Arachis pintoi were a part of the experimental manipulations, they were not included in the analyses. However, they were treated as ÔpassiveÕ, enabling us to plot these species in ordination space.
A separate analysis was conducted to clarify the within-season variability, contrasting weed biomass data from early and late in the rainy season in 1995, 1997 and 1998 . To detect such a phenological change in weed vegetation composition, years, treatments and blocks were considered as covariables. Again, Arachis pintoi and the ground cover species, which were enhanced by the treatments, were treated as ÔpassiveÕ in this ordination analysis.
Results and discussion
The naturally occurring weed community found in the plantation consisted of a mix of annual and perennial monocotyledonous and dicotyledonous herbs as well as some shrub and vine species (Appendix). There were 63 species recorded (including the planted Arachis pintoi) with Poaceae and Asteraceae as the dominating families (16 and 11 species respectively). The weeds that appeared with the highest biomass were Digitaria sanguinalis (L.) Scop., Talinum paniculatum (Jacq.) Gaertn., Blechum piramidatum (Lam.) Urb., Ageratum conyzoides L., Ixophorus unicetus (Presl) Schlecht. and Priva lappulacea (L.) Pers. (Appendix).
Although all the weed species recorded were included in the multivariate analyses, only the species with the best explanatory power with regard to ÔyearsÕ, ÔtreatmentsÕ or interaction terms are indicated in the figures (Figs 1-3 , respectively). The ANOVA of the pRDAs for weed vegetation (Table 2) revealed that years, i.e. plantation age, explained most (47%) of the ÔexplainableÕ variation. Interaction terms were also important (30%), whereas the treatment effects were less pronounced (8.2%) but still highly significant. Blocks explained little variation (1.4%).
When analysing the ordination scores for the different life forms (annuals, perennials, shrubs, vines; excluding ground cover species) in relation to years and treatments, the only substantial difference was in ordination axis 1 in Fig. 1 (ANOVA: F 3,45 ¼ 3.638; P ¼ 0.0196). In this case shrubs (N ¼ 3) had lower scores than the other life forms, hence they were least abundant early in the trial.
Change with age of plantation Weed biomass changed drastically over time with a drop in the number of species over the years (Fig. 1) . The Fig. 2 Ordination graph (pRDA) of weed data from plots subjected to different weed management and sampled over 6 years. Influence of treatments, after covarying out years and blocks, is illustrated. Only the species with the best fit to treatments are displayed. Full species names are given in the Appendix. Eigenvalues for axes 1 and 2 were 0.0496 and 0.0256 respectively. Fig. 1 Ordination graph (partial redundancy analysis, pRDA) of weed data from plots subjected to different weed management and sampled over 6 years. Influence of age of plantation, after covarying out treatments and blocks, is illustrated. Only the species with the best fit to years are displayed. Full species names are given in the Appendix. Eigenvalues for axes 1 and 2 were 0.457 and 0.012 respectively.
highest number of weed species as well as amount of biomass was found in 1994. This was reduced in 1995 and even more so in the following years (Table 3) . Much of the importance of the interaction terms can be attributed to the contribution of the first survey year (1994), which had substantially more species and biomass than the other years, although there was nothing to suggest that the treatment effects would become accentuated over time or fluctuate among years (Fig. 3) . Furthermore, total weed and ground cover biomass decreased from 1994 to 1995 between 31% and 81%, depending on the ground cover management system. Priva lappulacea, Digitaria sanguinalis, Pseudelephantopus sp. 1 and Hybanthus attenuatus (Humb. & Bonpl.) Schulze-Menz were more prevalent in the first study year, whereas Ageratum conyzoides and Cyperus iria L. were abundant in both the first and second year. A much smaller variation in weed species composition and abundance was found from 1996 to 1999 (Fig. 1) . All species indicated in Fig. 1 decreased, or vanished, from 1994 to 1995 to the following years (all arrows point away from 1996 to 1999). The species that best sustained growth in 1996 to 1999 were Oplismenus burmannii, Blechum piramidatum and Cyperus iria (data not shown).
Most grass weeds such as Cenchrus echinatus L., Chloris radiata (L.) Sw., Setaria geniculata (Lam.) Beauv. and Sorghum halepense (L.) Pers. were not found growing in the field during the last 4 years. In a study comparing shaded and non-shaded coffee in Veracruz, Mexico, Nestel & Altieri (1992) found that the number of Poaceae was significantly higher in the unshaded system, whereas members of Commelinaceae were more abundant in the shaded system. Hence, it seems that grasses are naturally displaced as shaded coffee ages.
We conclude that the most important change in the weed vegetation was caused by the growth of the coffee and shade trees. It is generally believed that increasing shade reduces the weed biomass as the canopy closes (Clifford & Willson, 1985; Goldberg & Kigel, 1986; Kimemia & Njoroge, 1988; Aguilar, 1993) but competition for soil nutrients might also escalate as trees age.
As weeds were very prolific in the first years after planting of coffee, and also seemed to cause some loss in the small yield in the first year (data not shown), intensive weed control is needed in the establishment phase. This need for control, however, seems to drop quickly as coffee and shade trees grow. Most weed species initially present in coffee plantations do not seem adapted to shaded conditions and will decrease or be displaced over time.
Treatment effects
The treatments, although explaining less variation than ÔyearsÕ (Table 2) , had clearly been selective (Fig. 2) . Several species, in addition to the passively treated Arachis pintoi and Oplismenus burmannii, were associated with a particular treatment ( Fig. 2 ; long arrows pointing in the direction of one treatment). Grasses seemed more susceptible to selective slashing and the Ordination graph (pRDA) of weed data from plots subjected to different weed management and sampled over 6 years. Interaction terms are illustrated (years and blocks were treated as covariables). Only interaction terms far away from origin are labelled, and only the species with the best fit are displayed. Full species names are given in the Appendix. Eigenvalues for axes 1 and 2 were 0.138 and 0.100 respectively.
herbicides used than broad-leaved weeds. The strongest association (i.e. the longest arrow) among the other weeds was that of Blechum piramidatum with treatment E. Melochia pyramidata L. mainly occurred in the same plots as Arachis pintoi. Oplismenus burmannii was more dominant when only mechanical slashing was applied, easily colonizing the patches created and, consequently, covering a larger percentage of the soil surface than the other species (V Aguilar, pers. obs.). The gaps created in treatment C with the application of herbicides were rapidly colonized by Arachis pintoi rather than grasses or broad-leaved weeds (Fig. 2) . In treatment E with no herbicide use, slashing was less effective and after the control of unwanted weeds, the gaps were colonized mainly by grasses or Blechum piramidatum. The combination of partial slashing and application of herbicides in patches was more effective in reducing unwanted weed biomass and enhancing Arachis pintoi spread in the plot, whereas partial slashing alone enhanced the spread of Oplismenus burmannii. Although conditions were conducive for weed growth at the onset of the experiment (full exposure to sunlight, simultaneous planting of coffee and shade trees and with an abundant weed flora), all treatments provided adequate weed control as there were no overall differences in crop yield (accumulated yield for 1994 to 1999 was not significantly different between the five treatments: F 4,8 ¼ 1.64; P ¼ 0.256; the mean yield of dry coffee beans was 1043 kg ha )1 years )1 ). Hence, the presence of weeds had no long-term detrimental effect on yield and the current ground cover management strategies tested could be evaluated mainly on merits such as labour requirements (Table 1) , other costs (Aguilar, 2001) and environmental benefits. Herbicides were more efficient in controlling unwanted weeds than slashing, but also delayed the spread of the ground cover species. Arachis pintoi had only a limited effect in suppressing weed growth.
Weed change within seasons
Weed vegetation in a coffee plantation under shade may change substantially during the rainy season and the weed species were ranked according to their score in an ordination (pRDA) representing their occurrence early and late in the season. Most weed species had high scores (Appendix), which meant that they were most abundant early in the season, whereas only a few of them were most abundant late in the season (negative values). Among the late species were Piper marginatum Jacq., Tithonia rotundifolia (Mill.) S.F. Blake and Peperomia pellucida (L.) Kunth, but only the latter was relatively abundant ⁄ frequent. Talinum paniculatum had the highest score according to the ordination analysis (Appendix), and this species appears during the first two or three months after the onset of the rainy season and then disappears. Cyperus iria also grows mainly early in the rainy season but it is also affected by shading, as previously reported for Cyperus rotundus (Seshagiri et al., 1981) . This effect is clearly seen in the low total biomass of Cyperus iria (Appendix) and in its association with young coffee trees (1994 and 1995; Fig. 1 ). Blechum piramidatum was the most frequent weed followed by Cyperus iria, Ageratum conizoides, Pseudelephantopus sp. 1, Priva lappulaceae, Talinum paniculatum, Melochia pyramidata and Digitaria sanguinalis. These weed species, with the exception of Ageratum conyzoides, also had high scores according to the ordination analysis (Appendix), i.e. they all emerged relatively early in the rainy season and their biomass was reduced by the end of the growing season, suggesting either a distinct phenological pattern or a successful weed control.
Oplismenus burmannii seems a suitable ground cover species since it was persistent late in the season (Appendix), thereby enabling a longer soil protection in the rainy season, and also sustained growth longer in the plantations' cycle.
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